Introduction {#sec1-1}
============

Pain can be produced by activation of the nociceptive pathways following damage to tissues, or by damage to nerves ([@ref1]). Neuropathic pain is defined by the International Association for the Study of Pain (IASP) as pain that arises as a direct consequence of a lesion or disease affecting the somatosensory system ([@ref2]). Neuropathic pain is defined as having a lancinating or persistent burning property and is mostly correlated with the manifestation of dissonant sensory signs, e.g. allodynia (pain created by a stimulus which does not normally provoke pain) or hyperalgesia (a raised response to a stimulus which is normally painful) ([@ref3], [@ref4]). Pathobiology of neuropathic pain has not clearly been demonstrated so far, but one hypothesis that can explain why various pathological processes in the spinal cord are correlated with the onset of neuropathic pain is that neurotrophins (NTs) may have some kind of contribution.

The NTs nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4) are a subset of neurotrophic factors that are structurally and functionally related to each other ([@ref5]). Mature NTs initiate their biological effects by binding to two major receptor types, neurotrophic tyrosine kinase (Trks) receptors and the pan- neurotrophin receptor at 75 KDa (p75NTR) ([@ref6]). TrkA (also known as neurotrophic tyrosine kinase receptor, type 1 (NTRK1)) is the high-affinity receptor for NGF while for BDNF and NT-4, it is TrkB, and for NT-3, it is TrkC ([@ref6], [@ref7]). However, all of the above-mentioned NTs are able to activate the p75 receptor ([@ref3]).

NTs regulate the growth, maintenance and apoptosis of neurons in the neurogenesis process as well as injured neurons ([@ref8]--[@ref10]). It was revealed that NGF, BDNF and NT-3 are synthesized mainly in the well as injured neurons ([@ref8]--[@ref10]). It was revealed that NGF, BDNF and NT-3 are synthesized mainly in the dorsal root ganglia (DRG) with anterograde transported into the dorsal horn of the spinal cord ([@ref11]). Recently, NTs have been shown to be involved in the neuronal mechanism including neuropathic pain development and transmission ([@ref3]). Apart from their roles in various physiological functions, they regulate central sensitization in the spinal cord that underpins maintenance of neuropathic pain ([@ref11]). Since NTs have main roles in the wrapped mechanisms of central and peripheral sensitization, it seems that they contribute to the pathogenesis of neuropathic pain ([@ref12]--[@ref14]). However, the specific contribution of individual NTs signaling via a particular Trk receptor and/or the p75NTR in the pathobiology of neuropathic pain is remaining elusive ([@ref11]).

The present study utilized spinal nerve ligation (SNL) as neuropathic pain and investigated whether NTs with their receptors were activated following SNL and then determined whether the activated NTs played a role in neuropathic pain. These findings increased the possibility of targeting NTs having a specific role in the treatment of neuropathic pain.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Ten male Wistar rats aged 10 weeks with weight range of 200-250 g were provided by Animal Maintenance Unit of Razi Research Center (Razi institute Animal Center, Karaj, Iran) and conveyed to Animal Laboratory of Tarbiat Modares University, Tehran, Iran. All rats were kept under a controlled environment condition with a mean temperature of 22±3 °C degrees, dark-light cycle of 12:12 hr, relative humidity of 40%, and free access to food and water ad libitum. The experimental protocols to perform this study were approved by the Ethics Committee for the Use of Animals of Tarbiat Modares University. All efforts were made to minimize the discomfort of the animals and reduce the number of experimental animals. All procedures conformed to the ethical guidelines for the care and use of laboratory animals, published by the IASP and the National Institutes of Health. After two weeks of acclimatization of the animals with the new environment, experimental protocols were initiated and the rats were randomly (simple randomization) allocated into two groups (5 rats in each group): ([@ref1]) tight ligation of the L5 spinal nerve (SNL: n=5); ([@ref2]) Sham: n=5. Calculated sample size by the following formula showed 3 animals in each group:

N = \[(Z + Z) 2SD2\] d2

Where Zα = 1.96, Zβ = 0.84, SD = 0.18 and d = 0.4. The expected power was considered at 80%.

Induction of neuropathic pain {#sec2-2}
-----------------------------

Animals were anesthetized with pentobarbital sodium (60 mg/Kg, intraperitoneal). Then the L~5~ spinal nerve was tightly ligated according to the method of Kim and Chung (1992) ([@ref15]). Briefly, the left Paraspinal muscles were separated at the L~5~-S~2~ levels and the left transverse process of the L~6~ vertebra was removed. The left L~5~ spinal nerve was identified and gently separated from the adjacent L~4~ spinal nerve. The L~5~ spinal nerve was tightly ligated using silk threads ([@ref6]-[@ref10]) and was transected just distal to ligature to ensure that all fibers were interrupted; then the wound was closed with 3-0 silk threads. Great care was taken to avoid any damages to the L~4~ nerve. In a control sham group, the surgical procedure was identical to that described above, except for the left L~5~ spinal nerve that was not ligated and transected. Only animals showing no signs of motor deficiencies were considered to be used for further experimentations. Only animals were chosen to continue the experiment with that had shown neuropathic pains in their behavioral tests. Then the rats were divided into 2 groups with 5 members in each: sham and neuropathic pain (SNL) groups.

Behavioral tests for measuring neuropathic pain {#sec2-3}
-----------------------------------------------

Radiation heat apparatus was used to measure hyperalgesia that the middle part of animal's paw from Plexiglas level put to thermal constant radiations and paw withdraw threshold time (PWTs) was calculated. Heat excitations were repeated 3 times, with 5 to 10 min intervals. To measure mechanical allodynia, the animal was located on the wired network and inside the Plexiglas capsule with 20×20 dimensions and 30 cm height. After acclimatization with the new environment, Von Fery fibers with a weight range of 2 to 60 g (92-4-6-8-15-26-60) manufactured by Stolting Inc. were used. The experiment started with the lightest fiber and in the non-response cases heavier fibers were employed gradually. For excitation initiation, each fiber 3 times consecutively, with 5 sec intervals, and for one second was inserted into animal's paw. If the response was positive (animal raising its foot) in 2 consecutive performances, that weight of the fiber was selected as the response threshold. If the animal had no response to any of the fibers, number 60 was considered as the response threshold ([@ref16]).

L5 DRG and soleus removing {#sec2-4}
--------------------------

After 4 weeks, rats were anesthetized to take samples after injecting intraperitoneal ketamine (90 ml per kg) and xylazine (10 ml per kg), and L5 dorsal root ganglion (DRG) and soleus muscle were removed, quickly frozen in liquid nitrogen and stored at −80 °C.

Soleus muscles from the left leg were dissected from the bone quantitatively, immediately weighed, and frozen at 20 °C. At a later date, these muscles were lyophilized and weighed for dry weight. After excision of muscles the left tibia was removed and freed from connective tissue, and the maximal length was measured. Yin *et al* ([@ref17]) showed that expressing muscle mass per unit of tibia length is a valid way to normalize mass when body weight differs between experimental groups.

RNA extraction and cDNA synthesis {#sec2-5}
---------------------------------

RNA extraction was done using QIAzol^®^ Lysis Reagent (Germany, Qiagen) and chloroform (Germany, Qiagen) and in accordance with its manufacturers' instructions. Therefore, about 50 mg of the L5 DRG was homogenized separately in 1 to 10 portions in QIAzol^®^ Lysis Reagent for total RNA extraction and for removing protein components. The final product was centrifuged at 12000×g for 10 min at 4 °C. Then mixed with chloroform in 1 to 5 portions and shaken severely for 15 sec. Then the supernatant was at 12000×g for 10 min at 4 °C and its mineral part and water were removed. Finally, its RNA containing portion was removed and mixed with isopropanol in 1 to 5 portions. It was left for 10 min at room temperature and then centrifuged at 4 °C for 10 min with 12000 g revolution. RNA containing pellet was washed and resolved in 20 microliters RNsa-free water. RNA concentration was measured by UV spectrophotometry method (Eppendorf, Germany), and 260 to 280 portions in 1.8 -2 were determined as the desired purification. cDNA synthesis was done by using Quanti Tect Reverse Transcription Kit (Qiagen, Germany) in accordance with the manufacturer's manual.

Real-Time PCR {#sec2-6}
-------------

Real-Time PCR quantity method was used by Premix SYBR Green II (Qiagen, Germany) for measuring NT4, NT3, NGF, TrkA, TrkB, and TrkC mRNA expression levels (Applied Biosystems Step One, America). The reaction mixture was done in final volume in 20 microliters (includes 1 microliter of cDNA, 1 microliter of forward primer, 1 microliter of reverse primer, 7 microliters of DEPC water and 10 microliters of Syber Green) and each reaction in a duplicate form. Designing primers was done according to NT4, NT3, NGF, TrkA, TrkB, TrkC, and GAPDH genes in the NCBI gene bank and by a German company (Qiagen). Furthermore, GAPDH was used as the reference gene. The thermal program used in Real Time-PCR included: 95 °C for 10 min, 95 °C for 15 sec, and 60 °C for 1 min (40 cycle repetitions). Melt curve and standard curve were drawn and considered for evaluating data authenticity and optimization experiment conditions respectively and NT4, NT3, NGF, TrkA, TrkB and TrkC expression data were normalized using GAPDH (reference gene). Fold change of genes was measured by the R=2^-ctΔΔ^ formula ([@ref18]).

Statistical analysis {#sec2-7}
--------------------

All statistical analyses were done by using SPSS software (version 19, SPSS Inc., Chicago, IL, USA). The normal assumption was examined using one-sample Kolmogorov-Smirnov test. For comparison of variables, one sample t-test and One-way repeated measures ANOVA were used. Significant level was determined at α=0.05.

Results {#sec1-3}
=======

Neuropathic pain behavior {#sec2-8}
-------------------------

All rats that received L5 SNL developed mechanical and heat hypersensitivity on the ipsilateral hind paw. As shown in Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}, PWT as well as PWL in the SNL group were lower postoperatively on first, 2d, 3d and 4th weeks (*P*\< 0.05 versus sham group), indicating that mechanical allodynia and thermal hyperalgesia had been induced by the SNL operation.

![Mechanical withdrawal threshold of the left hind paws in SNL and sham groups. Data are shown as mean±SD\
Sham: non-operated animals group. SNL: spinal nerve ligation group\
(\*): Significant difference with the sham group (*P*≤0.05)\
PWT decreased in the SNL rats postoperatively on the 1^st^, 2^nd^, 3^rd^, and 4^th^ weeks (*P*\<0.05 versus sham group)](IJBMS-20-29-g001){#F1}

![Thermal withdrawal latency of the left hind paws in SNL and sham groups. Data are shown as mean±SD\
Sham: non-operated animals group. SNL: spinal nerve ligation group\
(\*): Significant difference with the sham group (*P*≤0.05)\
PWT decreased in the SNL rats postoperatively on the 1^st^, 2^nd^, 3^rd^, and 4^th^ weeks (*P*\<0.05 versus sham group). Data are shown as the mean±SD](IJBMS-20-29-g002){#F2}

Soleus atrophy and up-regulation of NT4, NT3, NGF, TrkA, TrkB, and TrkC in the DRG at the mRNA level {#sec2-9}
----------------------------------------------------------------------------------------------------

Soleus weight (gram of muscle/tibial length, cm) decreased in SNL rats and this result indicates muscular atrophy as a consequence of tight ligation of the L5 spinal nerve (*P*≤0.05) ([Figure 3](#F3){ref-type="fig"}). To elucidate the possible regulation of NT4, NT3, NGF, TrkA, TrkB, and TrkC at mRNA level in rat models of neuropathic pain, we examined NGF, NT4, NT3, TrkA, TrkB, and TrkC at mRNA level in DRG after 4 weeks of tight ligation of L5 spinal nerves. Statistical comparison between the SNL and the sham-operated animals showed that NGF, NT-4, NT-3, TrkA, TrkB, and TrkC expressions in the SNL group were significantly higher than that in the sham group (*P*=0.025, *P*=0.013, *P*=0.001, *P*=0.002, *P*\<0.001, *P*=001, respectively) (4.7, 5.2, 7.5, 5.1, 7.2, 6.2, respectively) ([Figure 4](#F4){ref-type="fig"}).

![Weight of soleus muscle in SNL and sham groups\
Sham: non-operated animals group. SNL: spinal nerve ligation group\
Muscle mass was reduced in SNL rats. Data are shown as mean±SD \* which indicates significant differences with other groups (*P*\<0.05)](IJBMS-20-29-g003){#F3}

![Neurotrophin mRNA expression in sham and SNL groups. Data are shown as mean±SD. Data analysis was done by one sample t-test\
Sham: non-operated animals group. SNL: spinal nerve ligation group\
(\*): Significant difference with the sham group (*P*≤0.05)\
(\*\*): Significant difference with the sham group (*P*≤0.001)](IJBMS-20-29-g004){#F4}

Discussion {#sec1-4}
==========

Peripheral nerve injuries often result in development of neuropathic pain symptoms, including spontaneous pain sensation, hyperalgesia and allodynia. Neuropathic pain symptoms are also related to axonal regeneration mechanisms and functional recovery. Following injury, mechanical allodynia impresses the use of the injured paw and compromises successful rehabilitation ([@ref19]). However, only a small number of studies have investigated the effects of decreased level of activity as SNL on neuropathic pain and NTs expression in DRG. In this study, L5 SNL was used as a model of neuropathic pain. We observed that weight of Soleus muscle was decreased 4 weeks after SNL, which indicated ligation was operated correctively. Our results also have demonstrated mechanical and heat hypersensitivity on the ipsilateral hind paw following L5 SNL. Interestingly, there was a continuous reduction of allodynia and hyperalgesia for 4 weeks. On the other hand, SNL was shown to have had a considerable effect on NTs expression.

Our results showed that NGF and its receptor (TrkA) expression were up-regulated following L5 SNL. It has been demonstrated that NGF has key roles in the complex mechanisms that form peripheral and central sensitization, thus it could contribute to the pathogenesis of neuropathic pain ([@ref12]--[@ref14]). In parallel with this hypothesis, in the peripheral neuropathy model in form of chronic constriction injury (CCI), application of an antibody against the high affinity NGF receptor, TrkA, induced long-term pain palliation in the peripheral neuropathic pain created by slack ligatures looped around sciatic nerve ([@ref20]). Also, the pronociceptive action of NGF was inverted by an NGF antagonist in rodent models of peripheral neuropathic pain created by peripheral nerve ligation ([@ref21]--[@ref23]).

The mechanism by which NGF acts on nociception and chronic pain is complex. NGF generated non-inflammatory and long-lasting thermal and mechanical hyperalgesia after its local or systemic administration in rodents and humans ([@ref24]--[@ref26]). Recent studies have reported that daily injection of NGF has led to more sensitization to heat and mechanical stimuli ([@ref27]). Decreasing the NGF levels by blocking antibodies reduced the number of C-fibers that respond to heat, while increasing the NGF levels increased the number of heat sensitive C-fibers ([@ref28]). It has been suggested that NGF can also increase transient receptor potential vanilloid 1 (TRPV1) expression levels through the Ras-MAPK pathway ([@ref29]), which could facilitate the long-lasting heat hyperalgesia in the presence of NGF ([@ref27]). In addition, a primary study utilizing rat DRG neurons introduced PKA as a key factor in NGF sensitization ([@ref30]), but more recent studies illustrated that although protein kinase activity was involved in producing sensitization, it was PKC and PI3K that were responsible ([@ref31]). Also, it has been shown that following NGF induced activation of TrkA, augmented p38 MAPK and ERK signaling in the spinal cord and lumbar and DRGs have been implicated in the pathobiology of chronic pain ([@ref32], [@ref33]).

Another mechanism for NGF is that it dynamically regulates the synthesis of multiple neurotrans mitters and neuropeptides in sensory and sympathetic neurons ([@ref34]). For example, norepinephrine in sym-pathetic neurons ([@ref35]), the pronociceptive neuropep-tides, calcitonin generelated peptide (CGRP), and substance P (SP) in sensory neurons in the DRG and spinal cord ([@ref36]). Thus, it can be concluded that the NGF complex and its high affinity receptor, TrkA, serve as potential mediators in neuropathic pain induced by SNL.

The results also showed that NT-3 and its receptor (TrkC) expression increased in DRG following 4 weeks L5 SNL. NT-3 produces its biological effects via signaling that is initiated by TrkC connection. ([@ref37]). NT-3 may also act on neurons that contain TrkA ([@ref38]-[@ref39]) and may have a role in the regulation of nociceptive signaling through anterograde transport of NT-3 from the lumbar DRGs into the spinal cord ([@ref40], [@ref37]). It has been reported that NT-3 could both prevent the start of thermal hyperalgesia and reverse established thermal hyperalgesia. Results also showed that NT-3 elevated TRPV1 expression one week after CCI ([@ref37]). In this study, intrathecal infusion of NT-3 during 7 days both inhibited and reduced thermal hyperalgesia but not mechanical allodynia in the injured side hind paws of CCI-mice ([@ref37]). Also, there was a correlation between this inhibition and a considerable decrease in up-regulated expression levels of TRPV1. As this pronociceptive mediator was induced by NGF, it can be illustrated that NT-3 is a main negative regulator of NGF and its pronociceptive activity ([@ref37]).

In addition, NT-3 can affect a down-regulation in TrkA expression, NGF high-affinity binding sites, and associated nociceptive phenotype in intact sensory neurons ([@ref39], [@ref41]-[@ref42]). Also, other findings revealed that in intact neurons, NT-3 causes a notable reduction in TrkA, high-affinity NGF binding sites, BDNF, SP, CGRP, and pituitary cAMP-activated peptide levels ([@ref39], [@ref41]-[@ref46]). Thus, taken together, these findings are consistent with the concept that NT-3 plays an analgesic role in pain perception. In the present study, NT-3 expression was elevated more than other NTs, which may be related to the manner in which these NTs mediated neuropathic pain.

The results also indicated that NT-4 and its high- affinity receptors, TrkB, were elevated following L5 SNL. NT-4, like BDNF, is a ligand for the TrkB receptor ([@ref47]). It was also revealed that NT-4 is expressed in the rat spinal cord and found in DRG ([@ref47]). However, the biological effects of BDNF and NT-4 are different ([@ref48]). It indicated that NT-4 plays a key role in the maintenance and survival of motor neurons, as it expressed predominantly by motor neurons in the ventral horn of the spinal cord ([@ref49]-[@ref50]). Up to now, the role of NT-4 in neuropathic pain physiology has remained unclear. In support of this idea, a study showed that NT-4 does not have a role in nociceptive transmission in *ex vivo* spinal cord preparations from mice null for NT-4 ([@ref50]). Moreover, repeated administrations of an NT-4 antibody did not reverse the thermal hyperalgesia induced by sciatic nerve ligation in mice ([@ref47]). These results concertedly certify the conception that NT-4-TrkB complex does not have a clarified role in the regulation of nociception. However, NT-4 expression levels were significantly reduced in the sciatic nerves of a rat model of diabetic peripheral neuropathy ([@ref51]) and in the brain of experimental autoimmune encephalo-myelitis (EAE)-mice ([@ref52]). Therefore, the exact role of NT-4 in modulating nociceptive signaling remains to be defined and further research is required to better explain the function of NT-4 in neuropathic pain.

In addition, NT-4 induces peripheral nerve regeneration through the adjustment of the expression of myelin basic protein, myelin-associated glycoprotein, and low-molecular-weight neurofilament protein ([@ref53]). Therefore, in this study, increased NT-4 and TrkB expression may be as a result of myelin destruction caused by SNL. Moreover, NT-4 and BDNF serve as a semi-ligand peptide, so elevated TrkB expression can be attributed to the main role of BDNF in neuropathic pain regulation, as reported in several recent studies ([@ref54]-[@ref55]).

Conclusion {#sec1-5}
==========

In summary, the present study provided new evidence that neuropathic pain induced by SNL could activate NTs and Trk receptors expression in DRG. However, this is effect thought to be partially attributed to NTs' neural protection. Moreover, the results of this study provide the new interesting finding that the elevated NTs expression following SNL indicates its probable neuropathic pain mediator role or its neuroprotective role. Thus, further research is needed to better elucidate the role of NTs in neuropathic pain.
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